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ABSTRACT
We perform the first reflection study of the soft X-ray transient and Type 1 burst source XTE J1709-267 using
NuSTAR observations during its 2016 June outburst. There was an increase in flux near the end of the observa-
tions, which corresponds to an increase from ∼0.04 LEdd to ∼0.06 LEdd assuming a distance of 8.5 kpc. We
have separately examined spectra from the low and high flux intervals, which were soft and show evidence of a
broad Fe K line. Fits to these intervals with relativistic disk reflection models have revealed an inner disk radius
of 13.8+3.0
−1.8 Rg (where Rg = GM/c
2) for the low flux spectrum and 23.4+15.6
−5.4 Rg for the high flux spectrum
at the 90% confidence level. The disk is likely truncated by a boundary layer surrounding the neutron star or
the magnetosphere. Based on the measured luminosity and using the accretion efficiency for a disk around a
neutron star, we estimate that the theoretically expected size for the boundary layer would be ∼ 0.9− 1.1 Rg
from the neutron star’s surface, which can be increased by spin or viscosity effects. Another plausible scenario
is that the disk could be truncated by the magnetosphere. We place a conservative upper limit on the strength
of the magnetic field at the poles, assuming a∗ = 0 andMNS = 1.4M⊙, ofB ≤ 0.75− 3.70× 10
9G, though
X-ray pulsations have not been detected from this source.
Keywords: accretion, accretion disks — stars: neutron — stars: individual (XTE J1709-267) — X-rays: bina-
ries
1. INTRODUCTION
XTE J1709-267 is a recurrent soft X-ray transient and
Type 1 burst source that has a recurrence time of 2-3 years
(Markwardt et al. 2004; Remillard et al. 2007; Negoro et al.
2010; Sanchez-Fernandez et al. 2012; Negoro et al. 2013).
The source was first discovered to be in outburst in 1997
(Marshall et al. 1997) and is associated with the globular clus-
ter NGC 6293 (Jonker et al. 2004b). It is located a distance of
8.5 kpc away (Lee & Carney 2006). The typical 2-10 keV flux
during outburst is ∼ 2× 10−9 ergs cm−2 s−1 (Marshall et al.
1997; Cocchi et al. 1998; Jonker et al. 2003, 2004a, 2004b;
Markwardt et al. 2004; Remillard et al. 2007; Degenaar et al.
2013).
Broad iron line profiles have been seen in low-mass
X-ray binaries (LMXBs) that contain a neutron star
(NS) as the primary accreting compact object (e.g.
Bhattacharyya & Strohmayer 2007; Papitto et al. 2008;
Cackett et al. 2008, 2009, 2010; Di Salvo et al. 2009;
Egron et al. 2013; Miller et al. 2013). The effects of grav-
itational redshift and Doppler shift/boosting are imprinted
on these emission lines. These relativistic effects become
stronger closer to the compact object (Fabian et al. 1989).
Hence, the profile of the Fe Kα line gives a direct measure
of the position of inner disk. Furthermore, since the disk
must truncate at or before the surface of the star, the Fe Kα
line can be used to set an upper limit for the radius of the
NS (Cackett et al. 2008, 2010; Reis et al. 2009; Miller et al.
2013; Degenaar et al. 2015).
Two likely scenarios for disk truncation above ∼ 1% LEdd
are: (1) pressure balance between the accreting material and
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NS’s magnetic field or (2) the boundary layer extending from
the surface of the NS, impeding the disk. Thus, studies of disk
reflection can also be used to set an upper limit on the mag-
netic field strength (Cackett et al. 2009; Papitto et al. 2009;
Miller et al. 2011; Degenaar et al. 2014, 2016; King et al.
2016; Ludlam et al. 2016) or the extent of the boundary layer
(Ibragimov & Poutanen 2009; King et al. 2016; Ludlam et al.
2016, Chiang et al. 2016).
MAXI/GSC registered that XTE J1709-267 had renewed
activity in 2016 May 31 (Nakahira et al. 2016). We obtained
two∼ 20 ks observations with NuSTAR (Harrison et al. 2013)
during this outburst while the source was in the soft state. We
detect a broad Fe Kα line that we model as relativistic reflec-
tion to determine the extent of the inner accretion disk and
measure the inclination. There are no previous Fe K detec-
tions for this source, making this the first detailed reflection
analysis.
2. OBSERVATIONS AND DATA REDUCTION
NuSTAR observations of XTE J1709-267 were taken on
2016 June 8 (Obsids 90201025002 and 90201025003). There
are two detectors aboard NuSTAR that collect data: focal
plane module A (FPMA) and focal plane module B (FPMB).
Lightcurves and spectra were created using a 120′′ circular ex-
traction region centered around the source using the NUPROD-
UCTS tool from NUSTARDAS v1.5.1 with CALDB 20160421.
A background was generated and subtracted using another re-
gion of the same dimension away from the source. There
were no Type 1 X-ray bursts present in the lightcurves, but
there was an increase in count rate near the end of the second
observation (see Figure 1). We create gti files in order to sep-
arate the observation by low and high count rate. Preliminary
modeling of the spectra with a simple continuum multiplied
by a cross normalization constant is performed to determine
how well the detectors agree with one another. We fixed the
constant to unity for the FPMA and allowed it to float for the
FPMB. The floating constant was found to be within 0.95-
1.05 in each case. We proceeded to combine the two source
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Figure 1. Lightcurve of the NuSTAR observation of J1709-267 using 500 s
time bins. The vertical dashed line indicates the change in count rate in which
we divided the observation.
spectra, background spectra, and ancillary response matrices
via ADDASCASPEC. We use ADDRMF to create a single redis-
tribution matrix file. We then combined the two observations
of the same count rate as per King et al. (2016), resulting in a
total combined exposure time for the spectrum of ∼ 62 ks for
the lower flux regime and∼ 15 ks for the spectrum generated
from the higher flux. We will refer to these spectra as the low
and high hereafter. The spectra were grouped using GRPPHA
to have a minimum of 25 counts per bin.
3. SPECTRAL ANALYSIS AND RESULTS
We use XSPEC version 12.9.0 (Arnaud 1996) in this work
with all errors quoted at 90% confidence level. Errors were
calculated from Monte Carlo Markov Chain (MCMC) of
length 100,000. We perform fits over the 3.0-30.0 keV en-
ergy range. Above 30 keV, the spectra are background dom-
inated. We account for the equivalent neutral hydrogen col-
umn density along the line of sight via TBNEWER5. We fix the
absorption column to the Dickey & Lockman (1990) value of
0.237× 1022 cm−2 (consistent with previous spectral studies
of this source; e.g. Jonker et al. 2003, Degenaar et al. 2013),
since NuSTAR lacks the lower energy bandpass to constrain
this on its own.
Initial fits were performed with an absorbed single tem-
perature blackbody component (BBODYRAD) to model the
corona or boundary layer, and a multi-temperature blackbody
(DISKBB) to account for the accretion disk emission. This
combination of models gave a particularly poor fit in each case
(χ2low/dof = 1873.69/672 & χ
2
high/dof = 954.38/670),
partly owing to the presence of strong disk reflection features
in the spectrum. We added a power-law component with the
photon index bound at an upper limit of 4.0, which has been
observed in astrophysical sources such as black hole X-ray
novae (Sobczak et al. 2000; Park et al. 2004). The addition
of a power-law component improved the the overall fit for
the low flux case by ∆χ2low = 350 for 4 d.o.f. (11σ im-
provement). This continuum model is in agreement with the
framework laid out in Lin et al. (2007) for NS transients in
the soft state, though they use a broken power-law component
instead. The additional power-law componentwas not statisti-
cally necessary in the high flux state, therefore, we do not use
5 Wilms, Juett, Schulz, Nowak, in prep,
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Figure 2. Ratio of the data to the continuum model for NuSTAR observation
of XTE J1709-267 during the period of lower (top) and higher (bottom) flux.
The iron line region from 5-8 keV was ignored to prevent the feature from
skewing the fit. A simple disk blackbody, single temperature blackbody, and
power-law were fit to model the continuum over the energies of 3.0-5.0 keV
and 8.0-10.0 keV for the low flux case. For the high flux state, a disk black-
body and single temperature blackbody were fit to model the continuum over
the energies of 3.0-5.0 keV and 8.0-10.0 keV. Fitting up to 10 keV models
both the continuum and some reflection continuum, but gives an unhindered
view of the Fe Kα line.
it in that case. The reflection is still unaccounted for by these
models. Figure 2 shows an asymmetric Fe K emission line,
commonly associated with relativistic disk reflection. The red
wing extends down to ∼ 5 keV while the blue wing drops
around∼ 7 keV.
The REFLIONX6 (Ross & Fabian 2005) model describes re-
flection from an ionized disk. We included a modified ver-
sion that assumes the disk is illuminated by a blackbody,
rather than a power law. To account for relativistic Doppler
shifts and gravitational redshifts, we convolved REFLIONX
with RELCONV (Dauser et al. 2010). The parameters of RE-
FLIONX are as follows: ionization parameter (ξ), temperature
of the incident blackbody in keV (kT ), iron abundance (AFe),
redshift (z), and normalization. The parameters of RELCONV
are as follows: inner emissivity index (qin), outer emissivity
index (qout), dimensionless spin parameter (a∗), inner disk ra-
dius in units of inner most stable circular orbit (ISCO; Rin),
and outer disk radius in units of gravitational radii (Rout).
A few reasonable conditions were enforced when making
fits with RELCONV and REFLIONX. First, we fixed the spin
6 http://www-xray.ast.cam.ac.uk/∼mlparker/reflionx models/reflionx bb.mod
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parameter, a∗ (where a∗ = cJ/GM
2), in the model REL-
CONV to 0 in the subsequent fits since NS in LMXBs have
a∗ ≤ 0.3 (Miller et al. 2011; Galloway et al. 2008). Correc-
tions for frame-dragging for a∗ < 0.3 give errors ≪ 10%
(Miller et al. 1998) since the position of the ISCO is nearly
constant for values of low spin. Therefore, this does not hin-
der our estimate of the inner disk radius. Further, the outer
disk radius has been fixed to 400 Rg (where Rg = GM/c
2).
Last, we tied the outer emissivity index, qout to the inner
emissivity index, qin, to create a constant emissivity index.
We are unable to constrain the inner disk radius vs. inclina-
tion space when allowing the emissivity index to be a free
parameter. We fix q = 3 as would be expected for a disk in
flat, Euclidean geometry illuminated by a point source (see
Wilkins & Fabian 2012 for review). Additionally, different
plausible geometries for illuminating the disk around neutron
stars, such as boundary layers or hot spots, appear to produce
the same r−3 emissivity profile (D. Wilkins, priv. comm.).
Since the accretion disks surrounding NSs do not undergo
extreme relativistic effects such as those around maximally
spinning black holes, we do not expect steeper emissivity pro-
files. A shallower profile like r−2 has been postulated based
upon self-consistent MHD simulations for extended coronal
emission surrounding a black hole (BH) and relies solely on
mass, spin, and mass accretion rate (Kinch et al. 2016). How-
ever, the shallower profile may intimately depend on the spe-
cific set of parameters that were input into the simulation
(MBH = 10 M⊙, a∗ = 0, and mass accretion rate at 1%
of Eddington) and, thus, may not be directly translatable to
NSs.
The overall model we used for the low flux spectrum was
TBNEWER*(DISKBB+BBODY+POW+RELCONV*REFLIONX).
This model provides a better fit with χ2low/dof = 622.6/663.
This is a >21σ improvement over the model that does
not take into account disk reflection for each case. The
overall model we used for the high flux spectrum was
TBNEWER*(DISKBB+BBODY+RELCONV*REFLIONX).
This model provides an improvement of >15σ
(χ2high/dof = 652.51/665). Parameters and values can
be seen in Table 1. Figure 3 shows the best fit spectra.
For the low flux case, the DISKBB component has a temper-
ature of kT = 1.64+0.03
−0.04 keV and norm= 4.9 ± 0.4 km
2/100
kpc2. The BBODYRAD component has a temperature of
kT = 2.44+0.02
−0.03 keV and normalization of 0.36
+0.07
−0.01 km
2/100
kpc2. The blackbody and disk blackbody normalizations
are implausibly small but this is understood to be the result
of spectral hardening in atmospheres above pure blackbody
emission (London et al. 1986; Shimura & Takahara 1995;
Merloni et al. 2000). The power law may or may not be phys-
ical but is still needed at the 8σ level. It has a steep photon
index of Γ = 3.99+0.01
−0.30 with a normalization of 0.32
+0.05
−0.10.
The inner disk radius is truncated at Rin = 13.8
+3.0
−1.8 Rg and
the inclination was found to be 25.2+2.6
−1.1
◦.
For the high flux case, the DISKBB component has a tem-
perature of kT = 1.76+0.05
−0.04 keV and norm= 9 ± 1 km
2/100
kpc2. The BBODYRAD component has a temperature of
kT = 2.44±0.04 keV and normalization of 0.7+0.5
−0.1 km
2/100
kpc2. The inner disk radius is truncated further out at Rin =
23.4+15.6
−5.4 Rg, though it is consistent with the value found in
the low flux state at the 3σ level. The inclination is 29+10
−7
◦,
which also agrees with what is found from the low flux spec-
Table 1
J1709-267 Reflection Modeling
Component Parameter Low High
TNEWER NH (10
22)† 0.237 0.237
DISKBB kT 1.64+0.03−0.04 1.76
+0.05
−0.04
norm 4.9± 0.4 9± 1
BBODYRAD kT 2.44+0.02−0.03 2.44± 0.04
norm 0.36+0.07−0.01 0.7
+0.5
−0.1
POWER LAW Γ 3.99+0.01−0.30 —
norm 0.32+0.05−0.10 —
RELCONV q† 3.0 3.0
a
†
∗ 0 0
i(◦) 25.2+2.6−1.1 29
+10
−7
Rin (ISCO) 2.3
+0.5
−0.3 3.9
+2.6
−0.9
Rin (Rg) 13.8
+3.0
−1.8 23.4
+15.6
−5.4
Rout(Rg )† 400 400
REFLIONX ξ 200+80−30 130
+10
−20
AFe 0.57
+0.22
−0.04 0.51
+1.1
−0.1
z
† 0 0
norm 0.19+0.02−0.07 1.0
+0.2
−0.4
Funabs, 0.5−50.0 keV 2.0
+0.6
−1.0 2.6
+1.9
−1.1
Lunabs, 0.5−50.0 keV 1.7
+0.5
−0.8 2.2
+1.6
−1.0
χ2(dof) 622.6 (663) 652.5 (665)
† = fixed
Note.— Errors are quoted at 90% confidence level. The absorption column
density was fixed to the Dickey & Lockman (1990) value and given in units
of cm−2. The power law index was bound at an upper limit of 4.0. The
REFLIONXmodel used has been modified for a blackbody illuminating the
accretion disk. The blackbody temperature was tied to the temperature of the
blackbody used to model the continuum emission. The iron abundance,
AFe, has a hard lower limit of 0.5. Flux is given in units of 10
−9 ergs
cm−2 s−1. Luminosity is calculated at a distance of 8.5 kpc and given in
units of 1037 ergs s−1. For reference, 1 ISCO= 6 Rg for a∗ = 0.
trum.
We find the iron abundance to be AFe = 0.5 − 1.6. The
low abundance for this source is likely due to its associa-
tion with a globular cluster. Globular clusters tend to host
older populations of stars and therefore have a lower metallic-
ity. Lee & Carney (2006) find the metallicity in NGC 6293
is ∼ 1/100 of solar abundance. We were unable to ex-
plore a lower iron abundance due to the hard lower limit
of the model (AFe = 0.5), however, anomalously high
iron abundances have been seen in many reflection studies
(e.g., Parker et al. 2015, 2016; Fu¨erst et al. 2016; Garcı´a et al.
2015; Walton et al. 2014, 2016). It is possible that this high
AFe measurement correctly describes the atmosphere of the
accretion disk and not the overall abundances within the ac-
cretion flow due to the ionization structure skewing the rela-
tive abundances there. Furthermore, the overabundance found
in our fits may be the result of effects from dense gas in the
disk that is not accounted for by current models. This would
cause the abundance to increase to replicate the continuum
for a lower density disk that is allowed by the atomic data
set within current reflection models (see Garcı´a et al. 2016 for
more detail).
Figure 4 shows a contour plot for the inner disk radius ver-
sus the inclination for the fits in Table 1. The unabsorbed
0.5-50.0 keV flux changes from 2.0× 10−9 ergs cm−2 s−1 to
2.6×10−9 ergs cm−2 s−1. At a distance of 8.5 kpc, this gives
a luminosity change of 1.7× 1037 ergs s−1 to 2.2× 1037 ergs
s−1. In other words, this is a change from 0.04 LEdd to 0.06
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Figure 3. XTE J1709-267 low (top) and high (bottom) spectrum fit when
from 3.0-30.0 keV with a DISKBB (red dash line), BLACKBODY (purple dot
dot dot dash line), and the modified version of REFLIONX (blue dot dash
line) that assumes an input blackbody spectrum. For the low flux spectrum,
an additional power-law (orange dot line) component was needed. The panel
below shows the ratio of the data to the model. Table 1 lists parameter values.
The data were rebinned for plotting purposes.
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Figure 4. Contour plot for inner disk radius versus inclination at the 68%,
90%, and 99% confidence level for the low (black) and high (red) flux portion
of the observations. The best fit values are denoted with a cross for the low
flux and circle for the high flux.
LEdd (LEdd = 3.8×10
38 ergs s−1; Kuulkers et al. 2003). We
check that our results are not dependent on the our choice of
q = 3 by fixing the index to q = 2 & q = 2.5 and find they
are consistent with the inclination and Rin at the 3σ level in
each case.
4. DISCUSSION
We have performed spectral analysis of the soft X-ray tran-
sient XTE J1709-267 during its 2016 outburst. This is the
first report and analysis of a broad Fe-Kα line in this source.
Our observations capture a change in flux emitted from the
source which we separate into low and high flux spectra.
We find the disk to be truncated at 13.8+3.0
−1.8 Rg (90% con-
fidence level) in the lower flux spectrum. The disk appears
to move outwards to 23.4+15.6
−5.4 Rg during the higher flux
state, but is consistent with the low flux results at the 3σ
level. The unabsorbed 0.5 − 50.0 keV flux at the time of
the observation started at 2.0 × 10−9 ergs cm−2 s−1 and in-
creased to 2.6 × 10−9 ergs cm−2 s−1, which is consistent
with the typical flux observed during outburst (Marshall et al.
1997; Cocchi et al. 1998; Jonker et al. 2003, 2004a, 2004b;
Markwardt et al. 2004; Remillard et al. 2007; Degenaar et al.
2013). Additionally, we find a low inclination of 22◦ − 39◦.
There are no previous estimates of the inclination for this sys-
tem. The disk is likely truncated by a boundary layer sur-
rounding the NS or the magnetosphere.
Popham & Sunyaev (2001) lay out the Newtonian frame-
work for boundary layer behavior for different mass accretion
rates. We estimate the mass accretion rate for XTE J1709-
267 to be 1.5 × 10−9 M⊙ yr
−1 for the lower flux portion
and 1.9 × 10−9 M⊙ yr
−1 for the higher flux from the 0.5-
50.0 keV unabsorbed luminosity and using an efficiency of
η = 0.2 (Sibgatullin & Sunyaev 2000). Using Equation (25)
in Popham & Sunyaev (2001), we estimate that the boundary
layer extends from the surface of the NS out to∼ 0.9−1.1Rg
(assuming 1.4 M⊙). Additional factors, such as spin and vis-
cosity in the layer, can extend this region to be consistent with
the inner edge of the accretion disk that we measured from our
reflection analysis in the low flux. However, this would not be
consistent with the larger inner disk radius from the high flux
spectrum.
XTE J1709-267 was at a relatively low Eddington frac-
tion (∼ 0.04 − 0.06) during the time of the observation.
The truncation of the disk could be due to a pressure bal-
ance between the magnetic field and accretion in the disk.
We can place an upper limit on the strength of the field us-
ing the upper limit of Rin = 16.8 Rg from the low flux
spectrum. Assuming a mass of 1.4 M⊙, taking the distance
to be 8.5 kpc, and using the unabsorbed flux from 0.5-50.0
keV of 2.0 × 10−9 erg cm−2 s−1 as the bolometric flux, we
can determine the magnetic dipole moment, µ, from Equa-
tion (1) taken from Cackett et al. (2009), which was adapted
from Ibragimov & Poutanen (2009). If we assume an angular
anisotropy, fang , and conversion factor, kA, of unity, as well
as an accretion efficiency of η = 0.2, then µ ≃ 3.7 × 1026
G cm3. This corresponds to a magnetic field strength of B ≃
7.5×108 G at the magnetic poles for a NS of 10 km. Themag-
netic field strength at the pole is twice as strong as at the equa-
tor. This is within the range for magnetic field strength for
accreting millisecond pulsars (107 − 109 G; Mukherjee et al.
2015). The high flux solution gives a maximummagnetic field
strength in excess of B > 109 G (3.7 × 109 G). However,
no X-ray pulsations have been detected from this source, so
there are no indications that the magnetic field has truncated
the disk and channeled material to the magnetic poles.
Recent analyses of a similar nature have been done
for NuSTAR studies of the transient NS LMXBs 1RXS
J180408.9-34205 (RXS J1804) and Aquila X-1 (Aql X-1).
Ludlam et al. (2016) found the inner disk of RXS J1804 to
XTE J1709-267 5
beRin ≤ 11.1Rg in the hard state. They find that a magnetic
field strength ofB ≤ 0.3−1.0×109G at the poles or a bound-
ary layer that is roughly the stellar radius in size is needed to
truncate the disk at 11.1 Rg . Degenaar et al. (2016) found
similar estimates of the magnetic field strength (B ≤ 2× 108
G) and inner disk radius (Rin ≤ 1.5 ISCO) while RXS J1804
was in the soft state. King et al. (2016) found a truncated
disk at Rin = 15 ± 3 Rg around Aql X-1. They estimate
a boundary layer of RB = 7.8 Rg (King et al. 2016) would
be surrounding Aql X-1 given the efficiency and mass accre-
tion rate. But if the disk was not truncated by a boundary
layer and instead by the magnetosphere, they obtain an upper
limit on the magnetic field of B < 5± 2× 108 G (King et al.
2016). Both RXS J1804 and Aql X-1 had at least one Type 1
X-ray burst during their observation, suggesting that material
was still reaching the surface.
5. SUMMARY
Using NuSTAR, we perform the first reflection study of the
soft X-ray transient XTE J1709-267 during its 2016 June
outburst. Our observations catch the source during a change
in luminosity from 0.04 − 0.06 LEdd. We find the disk is
truncated prior to the NS surface at a distance of 13.8+3.0
−1.8 Rg
at 0.04 LEdd and increases out to 23.4
+15.6
−5.4 Rg at 0.06 LEdd.
The disk is likely truncated by a boundary layer surrounding
the NS. We estimate that the boundary layer extends from the
surface out to ∼ 0.9− 1.1 Rg for the mass accretion rate and
efficiency of the disk. However, though viscosity and spin
effects can increase the extent of the boundary layer, at low
Eddington fraction the boundary layer is not likely to halt the
accretion disk at a large radius (i.e., at the large radius implied
by the high flux solution). An alternative explanation is that
the disk is truncated by the magnetosphere. Conservative
estimates place an upper limit on the magnetic field strength
to be B ≤ 0.75− 3.70× 109 G at the magnetic poles, though
XTE J1709-267 is not a known X-ray pulsar.
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